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ABSTRACT 
Mountains of Mitchel and other temporary bright patches ob- 
the Martian disk have been previously interpreted a s  elevated 
a r e a s  where H 0- ice  has formed. However, a calculation of the radiation 
balance on Mars  and the observed duration of the Mountains of Mitchel sug- 
gest  that they a r e  GO 
The appearance of bright spots on Hellas and other a r e a s  in the southern 
hemisphere can  a l so  be explained by depressions where the minimum night- 
t ime temperature  is low enough for CO 
H,O condensation in depressions is a lso disciir-,ed- 
the hypothesis that the Martian dese r t s  a r e  lower than their  surroundings. 
2 
condensations in depressions with depths of w 6 - 9km. 2 
to condense. The possibility of 
These r e s u i t s  -,-----+ u uyy u I L 
2 
I 
AliZQk 
The best  examples of seasonal brig,ht spots on M a r s ,  other than the 
polar caps themselves,  a r e  the Mountains of Mitchel at Martian latitude 
7 3 O S  (Figure 1). They have been observed for  over a century at intervals 
of about 15 yea r s  ( l Y  A remarkable fact is that they appeaf a s  patches 
isolated f rom the receding souther polar cap on practically tile same sea- l 
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the systematic  annual re t rea t  of the polar cap. In general  they vanish i I 
af ter  only a few days ( "  3 y  4), and only r a re ly  l a s t  as long a s  two weeks (4) . 
I 
E 0 During the 1956 opposition they survived for 5 
or about 7 c ~ a y s ' ~ ) .  
of heliocentric longitude, 
~nfortunately-  the r eve r se  process  (condensztion an 
these a r e a s  in the fall before the a r r iva l  of the advancing southern polar 
cap) cannot be tested observationally because of obscuration by the fall- 
winter haze over the Martian polar regions. However, a patch of tem- 
porary  mis t  o r  cloud of the same size and shape has been occasionally 
observed about 90 days af ter  the Mountains of Mitchel have disappeared ( 2 )  . 
( 2 '  5'  6, that the Mountains of Mitchel a r e  H 0 - i ce  It has  been concluded 
deposits on elevated a r e a s ,  an obvious application of the t e r r e s t r i a l  analogy 
2 
of snowcapped mountains. 
Recently, Leighton and Murray") and Leovy(8) have independently 
concluded that the Martian polar caps a r e  pr imar i ly  solid GO 
arguments  were based on calculations of the radiation budget of the 
Their 2' 
su re  of C 0 2 ,  ps (C02)  /J 4 mb. This is a higher value than previously 
thought, and it is  now believed that GO2 is the major  constituent of the 
Martian atmosphere. 
Our discussion follows from the important premise  that the thermal  
interaction between the Martian surface and atmosphere is negligible. 
Referr ing to their  own calculations, Leighton and Murray(7) stated,  "Radia- 
tive thermal  exchange with the atmosphere is assumed negligible except 
insofar a s  the atmosphere may affect E (the emissivity of the surface) by 
blocking cer ta in  wavelengths emitted by the surface.  
port  by wind i s  a lso neglected.. 
Horizontal heat t r ans -  
' ' They a l so  neglected heat t ransfer  by 
.* .I 
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conduction between the surface and the atmosphere.  
the Martian surface is  then dependent only on insolation, heat exchange 
The temperature  of 
w i t h  the underlying soil  by conductivity, and the latent heat of any con- 
densed volatile. 
Since the tempera ture ,  T , for  the solid-vapor equilibrium of 
eq 
C 0 2  increases  with p, ( C 0 2 ) ,  CO 
a r e a s  of higher p 
roundings. 
to determine what elevation differences a r e  necessary  to produce the 
observed propert ies  of the Mountains of Mitchel. 
condensation should occur sooner in 
(C02) ,  i. e. a reas  depressed with respect  to the su r -  
Utilizing this  observation, we have ca r r i ed  out a calculation 
2 
s 
F i r s t ,  the average daily insolation w a s  computed as  a function of 
Martian latitude + and seasonal date (denoted a s  6s, the solar  declination 
on M a r s )  by the formula 
2 r 
r 
(s in+ s in6  t cos (p cos 6 cos  T - p )  dT ( 1 )  
S S 2l-r 
0 S = S o ( l  - A )  - - 
where S 
distance r 
Sun, A the surface albedo, and T the hour angle. 
tion of the solar  radiation attenuated by the Martian atmosphere in the zenith, 
was assumed to be 0. 005(8). The integrand is zero  whenever the zenith angle 
is g rea t e r  than 90°. 
integration on the computer. 
20 
hemisphere.  
is  the solar  constant a t  Mars ,  0 .06 wa t t  cm-', corresponding to  the 
= 1 . 5 2  a.u. f rom the Sun(7), r the distance of Mars  f rom the 
0 
0 
The quantity 6 ,  the f rac-  
Increments of 0.1 radian in T were used for  the Simpson 
The integration was performed for intervals of 
in heliocentric longitude, starting f rom summer solstice in the southern 0 
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- 2  Thc ratc  of gain of the solid CO deposit in g cm clay-' m;iy be 2 
w s i t t e n  as 
4 n ( E c  Tes -S )  dM - - - -  
dt L 
where E = 0. 85 is  the estimated effective emissivity of solid CO 2 
the Stefan-Boltzmann hlartian surface(7) ,  cr = 5. 67 x 10-l '  watt cm-' OK- 
constant, T the temperature  for the solid-vapor equilibrium of CO from 
vapor p re s su re  data taken from the Handbook of Chemistry and Physics ,  
L = 450 joule g-', the latent heat of vaporization of C 0 2  at T 
and n the number of seconds in a Martian day. 
a t  the 
2 
9 ( 
eq 
= 145°K(9), 
eq 
In ear ly  Martian fall solid CO would form a t  night, when the tem- 
F o r  the f i rs t  few days,  these deposits would dis- 
2 
pera ture  drops to T 
eq' 
appear during the day due to solar irradiation, but eventually a day a r r i v e s  
when the deposit is  sufficiently thick to  survive the insolation. 
- ------nnnt iipposit starts to build i.ip. 
dM/dt becomes positive, and the appropriate value of the albedo for cal- 
On that day, 
The day is the t ime a t  which z a ~ L L  L ~ ~ - . ~ ~ . ~ -  
culating dM/dt is  0. 65. 
only with season and latitude on Mars. 
thus with local elevation. 
Mountains of Mitchel a s  a function of Martian season for various elevations. 
Column 3 of the Table shows the date of the beginning of C 0 2  
Thus, the daily insolation in equation ( 1 )  varies  
But T var ies  with ps  (CO ) ,  and eq 2 
Figure 2 i l lustrates the value of dM/dt a t  the 
deposition a s  a function of elevation. 
integration t 
CO ice at t ime t: 
This defines the lower limit of 
of the curves on Figure 2 for calculating M,  the amount of 
0 
2 
t 
- 5 -  . 
1 
s The p res su res  for each elevation indicated in the Table assume a 
sc.ale height of 7, 7 km, corresponding to an isothermal CO 
at a temperature  of 145 
atmosphere 2 
0 K. 
Column 4 of the Table shows the t ime of the disappearance of 
the deposit, i .e. the t ime for M = 0. 
a 5 km depression would produce CO 
from their  surroundings for a duration of 17 days. In o rde r  to es t i -  
mate  the exact observed duration, At, of the Mountains of Mitchel a s  
The important point to  note is  that 
deposits which would be detached 2 
depositions distinct f r o m  their  surroundings, we must  consider the entire 
interval between the t ime the receding southern polar cap reaches + = 73 S 0 
and the t h e  the patches disappear.  Sl ipher 's  regress ion  curve ( 2 y 7 )  shows 
the cap at  73' a t  t = -53d, and the patches a r e  observed a s  detached from 
the cap at t = -35 . Combining this with est imates  of the duration of the 
patches themselves ( 4 7  ) we find A t  'E 25 . Dollfus' regress ion  curve of 
0 d the southern polar cap(9) showed the cap reaching + = 73 S a t  t = -49 . 
The patches became detached from the cap at t = -29d and survived uncii 
t = - - u ~ ( ~ ) ,  o r  At % 27d. 
extending ~4 
cap(2). 
latitude between the cap reaching 73 
d then A t  .3 17 . 
d 
d d 
Photographs show the Mountains of Mitchel 
0 in latitude when they a r e  barely detached f rom the polar 
Taking half that value as being representative of the interval of 
0 S and the detachment of the patches, 
A comparison of these values with calculation (cf. the Table) suggests 
that the Mountains of Mitchel a r e  valleys o r  large c r a t e r s  of 5 - 8 km depth. 
We therefore p re fe r  the name "The Depressions of Mitchel" for these 
s ea  sonal bright patc he s . 
- 0 - 
0 Our prcdictcd dates of disappearance of t h c  solid GO a t  + = 7 3  S 
a rc lat c r  than the observed disappearance and the disappearance p re -  
2 
dicted by Leighton and Murray''). O u r  disagreement with the la t te r  is  
probably due to our assumption that the heat content of the soil  does not 
var)  f rom day to day. The additional discrepancy with the observed dis- 
appearance may be due to  slightly incorrect values of the various para-  
m e t e r s ,  e.g. the CO albedo, C 0 2  emissivity,  p, ( C 0 2 )  a t  0 km, and 
p .  In spite of this,  our dates  differ f rom the observed date by only about 
60 days ,  which is a small  quantity compared to the 450 days in which the 
2 
deposition is  present.  Most importantly, we a r e  convinced that the 
drrratior: of the Depressions of Mitchel is  not sensitive to  variations in 
these parameters .  However, two features  of the Martian atmosphere,  
--- 
i ts  blanketing and lapse r a t e ,  should be discussed in order  to  see i f  they 
affect this duration. 
Atmospheric blanketing by the 15p  C 0 2  band was taken into con- 
1 7 1  
sideration for the value of the GO2 emissivity. Leighton and Murray"' 
give - 12% a s  the blanketing effect a t  the Martian surface as calculated 
f rom the data of Stull, Wyatt, and Plass'"). Our examination of their  
data!")indicate that this  blanketing would amount to  11.4% for 100 me te r -  
atm. CO and 9.870 for 50 meter-atm. COz,  both for an  effective total 2 
0 p r e s s u r e  of 10 mb  and temperature of 200 K. These blanketing values 
a r e  not exactly applicable to  the problem. The lower p re s su res  and 
tempera tures  expected in the Martian atmosphere would decrease the 
blanketing, but the la rge  slant paths away f rom the zenith would in- 
c r e a s e  it. Regardless of the choice of C 0 2  path, temperature ,  and 
. 
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prt 'ssure values, the maximum expected diffcrencc in CO emissivi t ies  
(-orrc.spondiiig to an elevation differential of 5. 5 km would bc only 2'3L0 
2 
This  amount would "deepen" the Depressions of Mitchel by 1 km a t  most. 
As fo r  the eflect of possible temperature  decreases  with elevation, 
we mentioned ea r l i e r  that it was assumed that heat t ransfer  to the Martian 
surface is  dominated by radiative interaction with the Sun and with space,  
and not by convective interaction with a turbulent atmosphere.  
ra te  of 0 to 2 .5  KO km -' (12) would make the atmospheric temperature  
0 to 20 K 
A lapse 
0 warmer  in the depressions. It can be expected that this small  
temperature  differential in a tenuous Martian atmosphere would have a 
negligible effect on the surface temperature.  
Other examples of temporary bright patches observed on the Martian 
light a r e a s  a r e  Hellas(" 13), the "islands in the south''(2), and Nix Olympica ( 6 )  .
Again, each author has concluded these bright patches a r e  H 0 fros t  on 
elevated a r e a s ,  but we prefer  the interpretation that they a r e  deposits on 
2 
lowlands. 
Regarding Hellas (a t  (p = 40°S), McLaughlin(13) stated "it i s  often 
snow-covered, and in winter forms a vast  extension of the polar cap down 
to latitude 30°". Our computations show that CO cannot form a winter 
deposit at  (p = 30° S to 40° S for any reasonable ps  (CO ), elevation, o r  
C 0 2  albedo. However, the diurnal temperature  variation is  important a t  
2 
2 
these latitudes. Leighton and Murray's Figure 2(7) shows that CO con- 2 
densation during the night is possible for  severa l  weeks near  winter solstice 
a t  (p = 40 (CO ) = 4 mb. But Hellas is actually one of 
the brightest a r e a s  , favoring preferential  condensation, and ps ( GO2) may 
be higher than previously thought (12' 14), especially if  Hellas is a lowland. 
0 
S and A = 0.15, p S 2 
We see no reason to  descr ibe Hellas as being elevated, and believe it may 
in fact  be depressed. 
- 8 -  
Slipher") discussed morning frost  patches o r  "islands in the south" 
over Martian light a r e a s  during the summer  and ear ly  fall between + = 60 
and 70° S. 
The minimum nighttime temperature  for those latitudes in that season 
might be just  low enough for CO 
in regions of higher p, ( C 0 2 ) .  
the surface warms up on exposure to the Sun. 
0 
This is  precisely what is expected i f  these a r e a s  were valleys. 
condensation to  occur ( see  ref.  7 ,  fig. 2) 2 
The CO frost  would then vaporize daily as 2 
Various other observations of Martian bright patches have been 
made. 
a r e  clouds o r  surface deposits. 
occasionally observed on Nix Olympica a t  + = 20 N,  and have been inter-  
preted a s  f ros t  o r  snow (6 '  15). Although it i s  c lear  that C 0 2  cannot con- 
dense in summer  a t  + = 20 
in the atmosphere o r  on the surface of Nix Olympica. 
be g rea t e r  if it were depressed,  since the par t ia l  p r e s s u r e  of the atmos- 
pheric H 0 would be higher in the lower a reas .  
densation of H 0 in the Martian atmosphere will be somewhat different 
f rom those in our own atmosphere. 
effect of the Martian atmosphere on its surface will have the following 
implications: The severe nightly cooling of the surface will form a 
pronounced inversion with a very cold boundary layer .  
together with the higher H 2 0  partial  p re s su re  in the depressions,  will 
form fog o r  frost .  Whether o r  not this analysis is applicable to  a l l  of the 
observations of bright patches is not c lear  - -  it requi res  a detailed study 
of the circumstances of each observation,and this is beyond the scope of 
the present  work. 
Their classification is uncertain since it is not c lear  whether they 
For  example, bright patches have been 
0 
0 N, H 0 ice condensation might occur ,  ei ther 2 
This tendency would 
'l'he conditions r'or LUIA- 
2 
2 
F o r  example, the negligible heating 
This occurrence,  
t 
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3 'Tlw bright patches definitely prel'cr forming on the Martian light 
~ i r ~ ~ ~ i s ,  s o  this study obviously suggests that t h e  dese r t s  a r c  depressed 
and nut elevated a s  previously thought ( 2 , 5 , 6 ) 0  Rea (16' 17) has favored 
thc idea that the light a r e a s  a r e  lower on the basis that dust s to rms ,  
which  sometimes obscure even the dark a r e a s  but consist  of mater ia l  
f r o m  the light a r e a s ,  settle back into the light a reas .  It would be diffi- 
cult to imagine dust settling preferentially in a r e a s  of higher elevation. 
Wells(18) argued that the d a r k  a reas  a r e  elevated because of the tendency 
for white clouds to  remain over light a r e a s  boardering along dark  a r e a s ,  
a s  a result  of lee waves formed by mountainous Martian mar ia .  
The radio occultation data from Mariner  IV led Fjeldbo et  al. ( 1 2 )  to -- 
suggest that the dark  a r e a  Mare Acidalium is lower than the light a r e a  
Electr is .  F r o m  tracking data the Martian radius a t  E lec t r i s  was found 
to be - 4  krn l a r g e r  than the radius a t  Mare Acidalium. 
the tracking data reductions of Kliore e t  
difference. 
This agrees  with 
who suggest a 5 km (t 7 km) -- - 
These studies a lso show the surface p r e s s u r e  to be - 8.5 m b  
over Mare Acidalium and - 4.9 mb over Electr is .  Fjeldbo e t  al. (12)  con- -- 
eluded, "The differences in pressure  and radius both suggest that the 
Martian m a r i a  may be lowlands; the bright a r e a s ,  highlands". 
Kliore et  
predict  the radius a t  E lec t r i s  t o  be 3 k m  la rge r  than that at Mare Acidalium, 
However, 
noted that the Martian dynamical flattening of 0. 0052 would -- 
\ 
in good agreement with the tracking data. If the Martian optical flattening 
of 0.0117 t . 0012 (ref.  9) is due to the surface,  then the radius difference 
should be 6 km, also in good agreement with the tracking data. 
B 
- 
F r o m  
these data there  i s  therefore  no evidence for any "local t e r r a i n  features  
at  the occultation points ( o r )  greater  oblateness than a gravitational equi- 
potential surface I d  1 2 )  
- 10 - 
I f  the obscrved optical flattening of Mars  is due to the Martian sur- 
f,icc. and riot to its a tmosphere,  then any excess  value of the t rue  flattening 
over the dynamical flattening can be reconciled only if  the equatorial  bulge 
of the planet were grea te r  than that of a gravitational equipotential surface. 
Therefore ,  the surface p re s su re ,  p 
than that a t  the equator. Since this excess  equatorial bulge would amount 
to 22  km,  D o l l f ~ s ( ~ )  estimated that p would be a factor  of about e ,  o r  2. 7 ,  
higher at the poles than at the equator, fo r  a scale height of 24 km. 
eve r ,  the presently accepted value for  the Martian scale  height near  its 
surface is 8 to 13 krn(14) so the pole-to-equator p re s su re  discrepancy 
would be a factor of 5 to 16. 
Mare Acidalium should exceed that over Elec t r i s  by a factor of 1 . 4  to  1 .7 ,  
precisely what is observed in the radio occultation data (12, 14) 
a t  the Martian poles would be grea te r  
S '  
S 
How- 
If this idea is  co r rec t ,  the p re s su re  over 
2 However Spinrad" 9, has tested this  prediction by examining CO 
bands in the Martian spectrum with the spectrograph sli t  aligned approxi- 
mately along the p o h r  axis.  He concluded that the rat io  of the p r e s s u r e s  
at  the poles and equator does not exceed 2. 
difference between the p r e s s u r e s  at E lec t r i s  and Mare Acidalium is 
attributable to a "deviation of the mean surface f rom the equipotential 11(14) 
is probably incorrect.  
r ea l ,  and not a resul t  of measurement e r r o r s ,  it would appear that Mare 
Acidalium is a t  a lower elevation than Electr is .  It i s  accordingly pre-  
mature  to  make any dogmatic statements about the relative elevations of 
the bright and dark  a r e a s ,  although our  preference for depressed bright 
a r e a s  remains.  
Thus, the suggestion that a 
If the pressure  difference over the two a r e a s  is 
I .  
- 1 1  - 
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F I G U R E  CAPTIONS 
Figure 1. A photograph of Mars  showing a Mountain of Mitchel detached 
to the left of the southern polar cap (up). The photograph was 
taken by E. C. Slipher on August 21,  1909, 3 5  days before 
summer  solstice in the Martian southern hemisphere (ref .  2,  
plate XVI). 
F igure  2. The ra te  of deposition of CO 
latitude of the MoGEtains cf Mitchel (+ = 7 3  
albedo of 0. 65. 
to elevations of -5  km,  0 km, and t5 km, respectively, each 
corresponding to values of p 
versus  Martian season a t  the 
) 3nd for  an 
The top, middle, and bottom curves re fer  
2 
0 
(CO ) shown in the Table. 
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